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By separately identifying magnetic and charge scatter, we find conclusive evidence for conformality in
magnetic roughness in $Co ~8 Å! Cu ~9 Å!% multilayers. For layers magnetized in the easy direction, the
magnetic roughness equals the structural roughness but increases when magnetized in the hard direction. The
in-plane magnetic correlation length, which changes on magnetization, is several orders of magnitude larger
than the structural roughness length scales. The magnetic length scale is of the same order as magnetic ripple
observed in Lorentz microscopy and is not associated with domains.Giant magnetoresistance ~GMR! occurs in multilayers of
ferromagnetic layers separated by paramagnetic spacer layers
due to the change in the electron scattering cross section
when the coupling of adjacent ferromagnetic layers is
switched from antiparallel to parallel. Such switching forms
the basis of spin-valve structures now used commercially as
magnetic data read heads. The spin-dependent scattering ap-
pears to occur primarily at the interfaces and to be sensitive
to the interface structure. Consequently, the grazing inci-
dence scattering of x rays has been extensively used to de-
termine the morphology of buried interfaces in GMR
multilayer systems.1–4 Quantitative parameters can be ob-
tained by fitting specific models to the experimental data;5
the fitting of both specular and diffuse scatter permits the
compositional grading to be distinguished from the true
roughness.6
The spin-dependent interface scatter believed to give rise
to the GMR will be dependent on the chemical roughness of
the interface, but may also be related to the roughness of the
magnetic moment. As the mean free path for the two spin
channels depends on the direction of magnetization, this im-
plies that magnetic disorder at the interfaces may influence
the scattering strength. It is far from obvious that the mag-
netic and structural roughness is always identical, due to the
vectorial nature of the magnetization. We can envisage two
mechanisms whereby magnetic roughness can arise. The
first, in which the moment direction does not change, is di-
rectly connected to the chemical composition across the in-
terface and should be correlated with the structural
roughness.7 A second form of magnetic roughness arises
from local rotation of the moments just inside the ferromag-
netic material, similar to the magnetic ripple seen in Lorentz
micrographs of thin ferromagnetic films. The in-plane length
scale of this type of roughness may be expected to be large,
due to the magnetostatic energy associated with the moment
rotation, and thus will not necessarily correlate to the struc-
tural morphology.PRB 610163-1829/2000/61~6!/3792~4!/$15.00There is, therefore, currently great interest in attempts to
separately measure chemical and magnetic roughness and
their associated in-plane length scales using magnetic scat-
tering of soft x rays or neutrons. Freeland et al.8 have re-
ported that the magnetic roughness in single CoFe films is
always less than the chemical roughness and has a longer
in-plane correlation length, supporting earlier measurements
on Co/Cu/Co trilayers by McKay et al.9 Borchers et al.,10
using a combination of scanning electron microscopy with
polarization analysis and polarized neutron scattering, have
shown that the diffuse scattering in weakly coupled $Co ~60
Å! Cu ~60 Å!% multilayers is associated with micrometer-
scale domains. Although the existence of an off-specular
purely magnetic Bragg peak indicates the presence of con-
formal magnetic roughness, their fitted transverse diffuse
scatter measurements are in the transmission geometry and
sensitive to domain size only.10 The recent specular measure-
ments of Idzerda et al.11 on Co/Cr/Co trilayers are also sen-
sitive to domain structure. In this paper we measure sepa-
rately, from soft-x-ray scattering, chemical and magnetic
roughness together with their associated in-plane correlation
lengths in conventional, strongly antiferromagnetically
coupled $Co ~8 Å! Cu ~9 Å!% multilayers in which uncorre-
lated domain walls are not found. Earlier studies8,9 which
relied on differences in scatter upon field reversal measure a
mixture of magnetic and charge scatter. Here, we are able to
measure almost pure diffuse magnetic scattering, free from
such interference.
The cross section for magnetic x-ray scattering is small,
except when resonant enhanced at absorption edges.12 Reso-
nant magnetic scattering at the L edges has been performed
in the specular condition on Co/Cu,13 Ag/Ni,14 Fe/Mn,15
Fe/Co,16 and Gd/Fe.17 Resonance enhanced diffuse scattering
has been applied to single films and trilayers by McKay
et al.8 in which they determined the magnetic scattering by
subtraction of data taken in different magnetization states.
The polarization dependence of the magnetic scattering
has been reformulated by Hill and McMorrow.18 The mag-
netic scattering amplitude at resonance f depends on the po-R3792 ©2000 The American Physical Society
RAPID COMMUNICATIONS
PRB 61 R3793SOFT-X-RAY RESONANT MAGNETIC DIFFUSE . . .larization of incident e0 and scattered ef x rays, and on the
direction of the magnetization vector M as
f 5~e03e f !MF , ~1!
where F is the resonant response.14 Using pure s polarized
radiation the magnetic scatter is sensitive to the component
of magnetization in the scattering plane. Coherent magnetic
scatter will appear at the wave vector of the structural Bragg
peak if the interlayer coupling is ferromagnetic, and at half
this value if the coupling is antiferromagnetic.
Co/Cu multilayers were grown on ~001! oriented silicon
substrates by magnetron sputtering, incorporating a Meissner
trap which allowed a final base pressure in the system of 2
31028 Torr to be realized.19 The thickness of 8 Å Co and 9
Å Cu was chosen to correspond to the first AF coupling
peak. Two sets of samples were grown, one of 50 repeats on
a bare silicon substrate and one of 25 repeats on a thin coat-
ing of silicon nitride, the latter for comparison with equiva-
lent samples prepared for Lorentz electron microscopy.
Magneto-optical Kerr effect,20 magnetization
measurements,19 and Lorentz microscopy21 showed that all
were strongly AF coupled. They exhibited up to 60% GMR
at room temperature.
Soft-x-ray scattering experiments were performed on a
two-circle diffractometer housed in a high vacuum chamber
on stations 1.1 ~Ref. 22! and 5U1 ~Ref. 23! at the Daresbury
SRS. Energies in the range of 200 to 1400 eV with a
resolution of 50 meV and flux of typically
1010 photons/sec/100 mA were available. A scan through the
main beam with incident slits set to 500 mm gave a fitted
instrument resolution of 0.31°. The counting time per point
in the specular scatter was 2 s, an entire specular scan being
obtained in 20 min. This represents a significant improve-
ment in the data collection rate over polarized neutron ex-
periments.
Tuning the incident energy to just below the Co L3 edge
resulted in the appearance of a strong, purely magnetic,
Bragg peak at half the reciprocal lattice vector of the first
structural peak associated with the artificial crystal of the
multilayer ~Fig. 1!. The Kiessig interference fringes, which
in reciprocal space have the same phase and periodicity as
those measured by hard energy x-ray reflectivity, show that
the x-ray wave penetrates to the bottom of the stack ~;1000
Å!. Their much lower visibility at the Cu L3 edge arises
from the greater absorption at this energy. Mapping the dif-
FIG. 1. Specular ~line! and longitudinal diffuse scans ~20.3°
offset! ~points and line! taken at the Co L3 edge for an AF coupled
sample with 50 repeats of $Co ~8 Å!/Cu ~9 Å!% deposited on pure
Si~001!. The inset shows same data recorded at the Cu L3 edge.fuse scatter reveals that it is concentrated around the recip-
rocal lattice points corresponding to the magnetic and charge
Bragg peaks ~Fig. 2!. No such diffuse scatter is found around
the position of the magnetic reciprocal-lattice point when off
resonance, demonstrating that this is pure magnetic scatter.
The extension of the scatter in qx proves that there is a high
degree of conformality in both structural and magnetic
roughness. The interface roughness of the magnetization thus
measured is distinct from the one-dimensional variation of
the magnetization as a function of depth through the layer.
No magnetic peak was observed at the Cu L3 edge, indicat-
ing no detectable polarization of the electrons within the Cu
spacer layer.
The low extension of the magnetic diffuse scatter in qx
@Fig. 2~a!# compared with the charge scatter around the struc-
tural Bragg peak @Fig. 2~b!# reveals a substantial difference
in the in-plane correlation lengths for the two types of rough-
ness. Magnetization of the sample parallel and perpendicular
to the scattering plane resulted in a change in the specular
magnetic Bragg peak intensity, coupled with changes in the
magnetic diffuse scatter distribution in the remanence state
FIG. 2. Full reciprocal space maps of the diffuse scatter around
the magnetic ~a! and structural ~b! Bragg peaks. The contours are in
increments of 0.4. The instrument resolved specular ridge is seen in
the data as a streak at qx50.
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the scattering plane, show a small decrease in the full width
at half-height maximum ~FWHM! of the qx scan through the
magnetic peak. In the two remanence states the correlation
length for the sample deposited on pure silicon, determined
by fitting a Voigt function, was found to be 98006250 Å for
magnetization perpendicular and 46006250 Å for magneti-
zation parallel to the scattering plane. Both sets of samples
showed similar behavior and length scales. Lorentz micros-
copy reveals a magnetization ripple pattern at all fields, ex-
tended perpendicular to the magnetization direction.21 The
scale of the ripple was comparable with the length scales
measured here and its change with field direction agrees with
the observed anisotropy. The strong conformality, deduced
from the x-ray scattering, is consistent with correlation of
this ripple through the strongly coupled multilayer.
In Fig. 3 we show the transverse scan at the magnetic
Bragg peak position (qz50.17 Å21) at an energy 40 eV be-
low the Co L3 absorption edge. Here, and also at the Cu L3
edge, the diffuse charge scatter is extremely low and near the
limits of detection. At the Co L3 edge, we find similar low
levels of diffuse scatter away from the Bragg peak. Scatter
around the magnetic Bragg peak thus arises only from con-
formal roughness with a periodicity of twice the structural
period and we can therefore assert that this scatter is purely
magnetic in origin, the associated roughness being entirely
conformal. The measured amplitude and length scale corre-
sponding to the magnetic roughness are not convolutions of
the structural and magnetic interfaces.
Following Freeland et al.8 we have deduced the amplitude
of the magnetic roughness within the Born approximation
from the ratio of the diffuse and specular scatter integrated
over qx through the magnetic Bragg peak. We find that the
root mean square ~rms! roughness is 3.161 Å when magne-
tized in the easy direction. Within the experimental error,
this is the same as the structural roughness of 2.860.5 Å
deduced from the integrated scatter through the structural
Bragg peak. This suggests that the direction of magnetization
is parallel to the mean surface, the magnetization variation
then mapping directly onto the topography. Magnetization of
the sample in the hard direction increases the rms magnetic
roughness to 5.861 Å, greater than the chemical roughness.
Conventional hard x-ray grazing incidence diffuse scatter-
FIG. 3. Remanence-state, transverse scans through the magnetic
Bragg peak after magnetization perpendicular ~open circles! and
parallel ~closed circles! to the scattering plane. The sample grown
on pure silicon. Also shown is the scan taken at the same momen-
tum transfer as the magnetic Bragg peak with an incident energy 40
eV below the Co L3 edge ~dash-dot line!.ing is limited in the range of reciprocal space probed by the
critical angle for total external reflection. Using scattering in
the incidence plane, only length scales greater than about
1000 Å can be measured directly. This can be circumvented
either by fitting the diffuse scatter to that simulated using
various models of the interface morphology3,24 or measuring
the scattering out of the incidence plane.25 The extended
range of reciprocal space probed by the soft-x-rays permits
the direct measurement of in-plane length scales below 100
Å. We show in Fig. 4 the transverse (qx) scan through the
first structural Bragg peak of a sample grown on a silicon
nitride layer. Excluding the spike corresponding to the
instrument-resolved specular ridge, the data can be fitted to
two Voigt functions with two corresponding correlation
lengths 7065 Å and 255620 Å. The inset shows a similar
scan for a sample grown on a bare silicon substrate. In addi-
tion to a correlation length of circa 72610 Å, there are two
shoulders that are characteristic of a blazed grating.26 This
corresponds to a step length of 150 Å. The two length scales
in the different types of sample are similar, the longer being
close to the grain size normal to the multilayer, deduced to
be 200 Å from high angle diffraction data. No changes were
observed in the scattering around the structural peak on ap-
plication of a magnetic field.
In summary, we have shown that the length scales of the
magnetic and structural roughness in Co/Cu multilayers dif-
fer by one or two orders of magnitude. This is very dramati-
cally different from the results of previous investigations
where magnetic and structural length scales are comparable.
However, the present experiments genuinely separate the
true magnetic diffuse scatter from the diffuse charge scatter
and it may be that in the previous experiments, where the
magnetic scatter is deduced by subtraction of the scatter on
reversal of the magnetization, the interference between these
phenomena may result in the short correlation length domi-
nating the data sets.
Magnetic roughness is very strongly correlated through
the multilayer, the length scale of the roughness being field
dependent and comparable with the size of the magnetic
ripple observed in Lorentz electron microscopy. It is small
compared with the domain size observed below the coercive
field and persists at high fields where Lorentz microscopy
shows no domains. The increase in magnetic roughness after
magnetization in the hard direction is equivalent to stronger
amplitude of ripple. Long correlation length roughness may
reduce the strength of the AF coupling through the ‘‘orange-
FIG. 4. Transverse scans taken through the structural Bragg
peak for the sample deposited on silicon nitride at the Co L3 edge.
The data ~points! and fit ~line!. Inset: the same scan for the sample
deposited on pure silicon showing blazed grating effects.
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consistent with orange-peel coupling produced by roughness
of a length scale typically 150 Å,27 which is of the order of
the measured structural correlation length. Thus the magnetic
roughness can be assumed to play no part in determining the
coupling strength. Further, as the in-plane correlation length
of the magnetic roughness is so long in comparison with the
electron mean free path, it is unlikely that the magnetic
roughness measured here is in any way responsible for thespin dependent scatter associated with the GMR. However,
we cannot draw any conclusion concerning the effect of
magnetic roughness which is identical to the chemical rough-
ness, observed in other multilayer systems.
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